ABSTRACT By using a multi-color laser diode carrier with orthogonal polarization and single-carrier modulation, the long-reach single-mode fiber (SMF) passive optical network and millimeter-wave wireless access network (WAN) with carrying narrow-band and channelized discrete multitone (DMT) data format at >1 Gbit/s/channel are demonstrated for 5G wireless mobile applications. For fiber wireline transmission from central office to remote node, the multi-color laser diode is directly encoded by DMT with quadrature amplitude modulation (QAM) levels ranged from 64 to 1024, and the total raw data rate of the received DMT can maintain as high as 88 Gbit/s at a limit modulation bandwidth of 9.125 GHz. The allowable data band consisting of 0.07-6 GHz for 1024 QAM, 6-9 GHz for 512 QAM and 9-9.125 GHz for 256 QAM is achieved even after long-reach transmission in 75-km-long SMF spool. For wireless transmission from remote node to user end with 28-GHz millimeter-wave carrier after optical heterodyne, the wireless transmission distance can lengthen up to 10 meters with allowable data capacity optimized to 29.6 Gbit/s with a modulation bandwidth of 4.1 GHz in total. Consequently, the achievable bit-loaded data band is 256 QAM within 0.07-2.5 GHz and 64 QAM within 2.5-4.1 GHz for 5G mobile WAN transmission via horn antenna pair.
I. INTRODUCTION
With dramatically increasing demand on high-definition data streaming, live video broadcasting, and virtual/augmented reality services, the fifth-generation (5G) wireless mobile networks are urgently demanded to replace the current 4G infrastructure, which can increase the data rate by 10 times for network users at remote nodes [1] - [4] . The 5G WAN is demanded with large bandwidth for personal user. According to the International Mobile Telecommunications (IMT) standard, the 5G mobile WAN employs the enhanced mobile broadband (eMBB) service with ultrareliable and low latency communications (URLLC) for emerging applications, and involves the machine-type communications (mMTC) which
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The future 5G communication will provides high-speed connections with data rate up to Gbit/s for end users, which requires the selection of new and suitable bands for data transmission with millimeter-wave (MMW) carriers. Different research groups have proposed potential bands for 5G mobile networks such as 24. 25-28.35, 37-40 , and 64-71 GHz bands [8] - [12] . In particular, the MMW carrier at 28-39 GHz usually exhibits small transmission loss of 0.01-0.02 dB/km such that the transmission distance will not be strictly limited in free space. In traditional approach, the MMW carrier at remote node (RN) was obtained by employing a MMW local oscillator (LO), which then delivered the data by frequency up-converting it onto the MMW carrier through MMW mixer [13] . Later on, the optoelectronic VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ oscillator (OEO) based on a synthesizer-free technology has emerged for photonic microwave (MW) or MMW carrier synthesis with low single-sided-band phase noise and high spectral purity [14] - [16] . Nevertheless, the complexity of the OEO scheme is still impractical for applying to the 5G wireless mobile network. More recently, the radioover-fiber (RoF) technology is considered as an alternative candidate for MMW carrier generation via remote heterodyne detection, which synthesizes the MMW carrier with specific frequency by adjusting the wavelength spacing of dual-/tri-color optical source [17] , [18] . Since 1998, the remote heterodyne detection of two individual laser diodes was proposed to generate a microwave carrier at 9 GHz [17] . Even though, the peak power of remotely heterodyned MMW carrier inevitably varies with the phase difference between individual optical carriers due to incoherent. Therefore, the mutually injection-locked semiconductor lasers [19] or optical phase-locked loop [17] , [20] were successively employed for spectrally synchronizing and purifying the heterodyned MW/MMW carrier. Particularly, the coherent dual-/tri-color optical carrier for remote MMW heterodyne detection was synthesized using double-sidedband modulation via Mach-Zehnder modulator (MZM). When driving the MZM at null bias point with half-frequency LO signal, odd-order sidebands [21] and optical central carrier suppression [22] - [24] can be retrieved at central office (CO), respectively. Although the MMW optical carrier generated via MZM is a suitable solution for MMW-RoF transmission, the data stream still needs to be modulated via up-scaled frequency mixing [25] or external optical modulation [26] . Each case would inevitably induce high insertion loss (typical insertion loss is about 3.9-9 dB for mixer and about 4-7 dB for modulator) to degrade transmission performance. Although the aid of optical amplifier can somewhat compensate the power loss, the signal-to-noise ratio (SNR) of data delivered by the remotely heterodyned MMW carrier is still degraded by introducing an additional intensity noise. To minimize the power budget, a special colorless laser diode is proposed for serving as modulator and amplifier concurrently, which is injection-locked by laser diodes with two highly coherent modes for establishing the remotenode heterodyne MMW-over-fiber link [27] . Most important, when using the optical heterodyne with dual-/tri-mode optical carrier as a synthesis technique, the optical loss is only about 0.2 dB/km for each mode before MMW carrier generation.
In this work, the multi-color laser diode with orthogonally polarized triple modes and single-carrier modulation (SCM) scheme is developed for long-reach SMF transmission and remotely heterodyned synthesis of MMW carrier at 28 GHz. To target for 5G mobile WAN application with demanded channel data capacity of >1 Gbit/s/channel, the narrow-band channelized discrete multitone (DMT) ranged from 64-to 1024-quadrature amplitude modulation (QAM) level with corresponding bandwidth adjusted from 167 to 114 MHz is demonstrated for 75-km optical wireline and 10-m MMW wireless transmissions. Such an orthogonally polarized multi-color optical carrier successfully performs the wired/wireless coverage for future 5G mobile applications.
II. PRINCIPLE AND EXPERIMENTAL SETUP A. GENERATION OF ORTHOGONALLY POLARIZED TRIPLE MODES OPTICAL CARRIER
The concept for acquiring the orthogonally polarized triple modes optical carrier is illustrated in Fig. 1(a) . First, a singlemode polarized light source is generated from a DFBLD. The polarization of single-mode DFBLD output is adjusted to 45-degree deviated from the preferred polarization of the MZM via an in-line polarization controller. Then, the sinusoidal-wave LO signal at frequency of f 0 generated from a LO modulates the 45 o -polarized single-mode carrier via the MZM operated at null-biased point with an offset DC bias. The schematic diagram of the orthogonal tri-color carrier based on a MZM is presented in Fig. 1(b) . After separating the X and Y polarizations in the MZM, the MZM can only modulate the X-polarized component because the direction of the electric field in the MZM is at X polarization. Under null-biased operation of the MZM, the amplitude of central carrier slightly suppresses to nonlinearly generate dual modes (λ c − λ fo and λ c + λ fo ). Concurrently, the Y-polarized component (λ c ) just passes through the MZM without modulation. Therefore, the orthogonally polarized triple modes optical carrier is synthesized as expected.
B. SINGLE-CARRIER MODULATION (SCM) OF ORTHOGONALLY POLARIZED MULTI-COLOR OPTICAL CARRIER
In previous work with dual-mode carrier after long-reach fiber transmission, the phase of mode deviates from each other as the carrier modes at different wavelengths still suffer from different chromatic dispersion. To solve this drawback, the orthogonally polarized dual-mode carrier with SCM was subsequently proposed for chromatic dispersion suppression, as shown in Fig. 2(a) [22] . However, the optically heterodyned MMW carrier based on the dual-mode carrier beating is much lower than the traditional approach. Therefore, the proposed tri-color carrier with orthogonal polarization enhances the beating throughput in this work, which not only optimizes the power of beat MMW carrier but also avoids the chromatic dispersion during SMF transmission. The orthogonally polarized tri-color optical carrier with SCM scheme is considered as the optimized approach for improving both wireline and wireless transmission performances of the MMWoF system, as shown in Fig. 2(b) . After the generation of orthogonally polarized multi-color optical carrier, the master source is first split into two paths via a polarized optical coupling element to maintain the orthogonal polarized output separated from one another and achieve SCM via the injection into a mode selective slave colorless laser diode (CLD), as shown in Fig. 3 . By directly injecting into the CLD through a circulator, the CLD cavity waveguide design only supports the TE polarization. Only the TE polarized component will survive even if the input source is an orthogonally polarized multi-color carrier. After aligning the polarization between the CLD and the central carrier of triple modes master, the TE-polarized central carrier of the master is locked and modulated by slave CLD to carry the DMT data stream, as shown in Fig. 3(a) . Another branch of the coupler output leaves only TM-polarized side modes as a reference source via a high-extinction polarizer, as shown in Fig. 3(b) . After performing the SCM for the TE-polarized central carrier, the master-seeded slave CLD output is combined with the side mode reference via another optical coupler to resume back the orthogonally polarized multi-color carrier with SCM, as shown in Fig. 3 (c).
C. LONG-REACH-WIRELINE/SHORT-REACH-WIRELESS ACCESS DATA LINK BASED ON THE ORTHOGONALLY POLARIZED MULTI-COLOR OPTICAL AND 28-GHz MMW CARRIERS
The testing bench of a 28-GHz MMW 5G WAN link with an SCM carrier with orthogonally polarized triple modes is illustrated in Fig. 4 . To approach SCM on central carrier, a partial power of the triple modes master with orthogonal polarization was coupled into the laser diode modulator for TE-mode injection-locking and direct DMT encoding, whereas the dual TM sidebands were entirely eliminated in the laser diode modulator to achieve SCM operation. To meet the demand of channelization at personal user end for the proposed 5G transmission standards, the DMT data stream with adjusted bandwidth was synthesized from a data generator (Tektronix, 70001A). To maximize the modulation depth in the CLD, the amplitude of generated DMT data was further enlarged with a low-noise amplifier (LNA, picosecond, 5866).
The laser diode modulator also served as an optical amplifier, and its SCM output was combined with the orthogonally polarized side-modes filtered by polarizer to resume back the multi-color carrier with SCM for long-reach SMF transmission. For wireline transmission in SMF with controlled dispersion, the encoded DMT data is received by a photodetector (PD, Nortel, PP-10G) and amplified by a LNA (New focus, 1422). The waveform of the received DMT data is captured by a digital signal analyzer (DSA, Tektronix 71604C) for decoding analysis in a homemade MATLAB program. For remote optical heterodyne, the multi-color polarization recovered from orthogonal to parallel such that the 28-GHz MMW carrier with frequency up-converted DMT data can be synthesized by a high-speed PD (u2t, XPVD2020R) and amplified by a power amplifier (PA, Quinstar, QLW-24403336). After 10-m free-space transmission through a pair of antenna (A-INFO, LB-22-20), frequency down-conversion by a mixer (Quinstar, QMB-FBFBAS) and power amplification via a LNA (New focus, 1422), the DMT data is received by the same DSA and MATLAB program.
D. SCM OF ORTHOGONALLY POLARIZED MULTI-COLOR SOURCE WITH CHANNELIZED DMT FOR MULTIUSER APPLICATION
To meet the demand on the 5G mobile wireless link in which the raw data rate within a limited bandwidth is requested beyond 1 Gbit/s, the bandwidth ranged from 166 to 114 MHz is set to carry the high-level (from 64-to 1024-QAM) DMT data, and the illustration of the DMT is shown in Fig. 5 . As the finite frequency response of slave CLD degrades the modulation throughput with a negative slope, the DMT data encoded at different sub-bands is employed for efficiently increasing the total transmission capacity [28] , [29] . At first, a broadband M-QAM OFDM data generated by a 54-GSa/s AWG is used as reference signal to test the channel response, which modulates on the CLD to acquire the SNR response for all subcarriers. In our work, the used bit-loading algorithm does not consider with the power allocation to simplify the decoding procedure [30] . At first, the error vector magnitude (EVM) is analyzed from the received data stream. The relationship among EVM, SNR and bit error rate (BER) is simulated via Monte Carlo method by Shafik et al. [31] . The SNR of the ith DMT subcarrier is calculated using the following equation:
where S r (i) denotes the received and normalized ith DMT subcarrier, which is corrupted by channel response and noise; S t (i) the ideal normalized constellation point of the ith subcarrier; and P i the received power of the ith DMT subcarrier. Furthermore, the BER of the DMT data is estimated by using the following equation with the relationship between the QAM level and bit number which is expressed by M=2 n with n denoting the bit number [32] BER threshold ≥
As applying a FEC criterion with 7% overhead, the BER threshold is 3.8×10 −3 . The block diagram of the homemade DMT coding/ decoding program is shown in Fig. 6 . At first, a pseudorandom bit sequence (PRBS) data with a pattern length of 2 15 −1 was mapped onto M-QAM symbols and was arranged in the time-frequency transformation matrix with the FFT size. Note that the M-QAM symbols in the time-frequency transformation matrix are arranged with Hermitian symmetry to obtain a real-valued DMT time-domain waveform after IFFT. After the parallel-to-serial process, cyclic prefix (CP) enabled guard intervals with length of 7% were inserted into each DMT symbol in the DMT time-domain waveform to prevent the inter-symbol-interference after transmission. And then, a training symbol (TS) produced by the 4-QAM data format was further added in the front of the DMT waveform, which was used to find the start point and examine the channel response of the delivered DMT data at the receiving end. At the receiving end, the channel response of the delivered DMT data for equalization was examined by the TS. Then, the DMT data was applied by the serial-to-parallel conversion after removing the TS and CP, which was converted to the complex data and remapped to the constellation plot in frequency domain by FFT. After FFT, a zero-forcing equalizer was used to correct the frequency response and phase noise of the DMT data with the estimated channel response. Finally, the EVM, SNR, and BER performances of received DMT data can thus be obtained by surveying the constellation plots.
III. RESULTS AND DISCUSSION

A. THE PROCESS OF NARROW-BAND M-QAM OFDM DATA GENERATION AND OPTIMIZATION
To maximize the transmission capacity and meet the demand on channel bandwidth for 5G standard, the narrow-band 512-QAM with 250-MHz bandwidth OFDM is synthesized by adjusting the fast Fourier transform (FFT) size in the homemade MATLAB program, as shown in Fig. 7 . In principle, the bandwidth of the QAM-OFDM data can be expressed as [33] 
where BW denotes the bandwidth of the QAM-OFDM data, N Subcarrier is the number of the subcarriers arranged within the allowable bandwidth. Under a sub-bandwidth of 250 MHz and a total sampling rate of 18 GSa/s, the FFT size is increased from 512 to 8192, and the required N Subcarrier is increased from 7 to 112 due to the reduced subcarrier spacing from 35.16 MHz to 2.2 MHz. When the FFT size is set at 512, the total subcarrier number is only 7 per symbol so that it would suffer from a serious SNR degradation, as shown in Fig. 7(a) . In addition, the constellation plot only reveals spare and blurred points with corresponding EVM of 2.9%. With increasing the FFT size from 512 to 8192, the average SNR of the 250-MHz wide 512-QAM OFDM is optimized from 30.9 dB to 39.5 dB. Moreover, the EVM is optimized from 2.9% to 1.1% with dense and clear constellation plots. Nevertheless, the SNR enhancement is saturated even though the SNR can be optimized with increasing FFT size. If the FFT size is increased from 512 to 1024, the average SNR can only be improved up to 4 dB, and the saturation of average SNR is observed with an increment of 1.2 dB by further enlarging the FFT size to 8192. In principle, varying the FFT size will affect the SNR due to the relationship of SNR = 10 * log(P S /P N ) with P S and P N denoting signal and quantized noise power, respectively. As the noise level of the data is proportional to 10 * log(N * floor N FFT /2) with a decrement of 10 * log(2 n /2), where N floor and N FFT denote the electrical noise background and the quantization level of the data, respectively [34] . As a result, Fig. 7(b) shows the simulated SNR spectra of the QAM-OFDM data with different FFT sizes by the homemade MATLAB process in our work. The analysis reveals that the average SNR is nonlinearly improved from 46 dB to 80 dB with increasing the FFT size from 512 to 8192. From Fig. 7(a) , the experimental result also exhibits the same trend with the simulated one.
Increasing the FFT size from 512 to 8192 at a fixed sampling rate of 18 GSa/s can enlarge the required subcarrier number from 7 to 112 for synthesizing the DMT data format at frequency domain, which concurrently raises the peakto-average power ratio (PAPR) of the DMT waveform at the specified complementary cumulative distribution function probability of 0.1 after IFFT in time domain, as shown in Fig. 8(a) . On the other hand, as the complexity of computing for the FFT operation is defined as O(N log N ) with N denoting the data or FFT size, increasing the FFT size from 512 to 8192 will raise the complexity of computing for synthesizing the DMT data format from O(2 9 log 2 9 ) to O(2 13 log 2 13 ). This greatly increases the cost and complexity of the proposed DMT coding/decoding program so as to extend the latency. Fig. 8(b) shows the decoding time of the DMT deciding program and average SNR of the decoded DMT data with the packet length of 32 byte at different FFT sizes. When increasing the FFT size from 512 to 8192, the required decoding time of the DMT deciding program is increased from 0.88 to 1.6 ms, which optimizes the average SNR of the decoded DMT data from 46.3 dB to 80.2 dB. Theoretically, the average SNR of the DMT data can be improved by at least 10 dB with increasing the FFT size from 4096 to 8192. However, the experimental result shows that the improvement of the average SNR after decoding the DMT data is only 3 dB with increasing the FFT size from 4096 to 8192. That is, increasing the FFT size can raise the PAPR of the synthesized DMT data, which leads the peak of the DMT waveform to easily enter the nonlinear modulation region when directly-encoding the CLD. Such a phenomenon inevitably sets an upper limitation when increasing the FFT size. To avoid excessively improving the offline decoding time in program and optimizing the saturation of the decoded DMT data, the optimized FFT size is selected as 4096.
Under the limited modulation bandwidth of 6.25 GHz, the channel number of 1 for full-band with channel bandwidth of 6.25 GHz and 25 for narrow-band with channel bandwidth of 250 MHz are compared with each other and shown in Fig. 9 . By setting the start frequency at 70 MHz for both the full-band and hybrid narrow-band data, both cases reveal similar trend caused by finite frequency response of the AWG. Even if the SNR of the hybrid narrow-band 512-QAM OFDM data shows relatively large fluctuation (ranged between 32 dB and 44 dB), its average value is still higher than that of the full-band case as the power of narrow-band data can be effectively enhanced under constant amplitude output in the domain. This essentially enables higher QAM level to be assigned for narrower band data for transmission capacity enlargement when employing the hybrid narrow-band QAM data loading within the same modulation bandwidth. However, the phase noise variation added on the data effectively degrades the constellation plots with blurred points by gradually down-shifting the frequency of the subcarriers.
B. FIBER WIRELINE TRANSMISSION OF ORTHOGONALLY POLARIZED MULTI-COLOR SOURCE WITH SCM OF NARROW-BAND BIT-LOADED M-QAM DMT FOR MULTIUSER APPLICATION
To maximize the transmission capacity and meet the 5G standard with data rate of 1 Gbit/s/ch, the multi-channel M-QAM DMT ranged from 1024-QAM to 256-QAM (with the bandwidth ranged from 114 MHz to 125 MHz) is employed to encode the central carrier of the orthogonally polarized multicolor optical source with SCM scheme. Under the maximal allocated channel number of 91 within allowable bandwidth of 9 GHz, the frequency spectra of the received multichannel bit-loaded M-QAM DMT data are shown in Fig. 10 . All CNRs of the narrow-band M-QAM DMT data exceed over 30 dB. After decoding, the SNR spectra of narrowband and bit-loaded M-QAM DMT with their related constellation plots delivered by orthogonally polarized multi-color optical carrier after 75-km DM-SMF transmission are shown for comparison. The SNR of the 1 st narrow-band channel reaches 37.5 dB to pass the 1024-QAM FEC criterion, which is degraded with increasing the subcarrier frequency due to the finite frequency response of the slave CLD. The largest channel number which allows the 1024-QAM FEC is up to 60 (with corresponding subcarrier frequency up to 6 GHz). To meet the FEC demanded BER, the 512-QAM format is hired to encode the residual bandwidth from 6 to 9 GHz. As a result, the last (91 st ) narrow-band channel with 256-QAM format is obtained with an SNR of 28.9 dB.
In more detail, the constellation plots of the narrow-band DMT data at different subcarriers delivered by the orthogonally polarized multi-color source with SCM are illustrated in Fig. 11 . At subcarrier bandwidth below 6 GHz, the narrow-band 1024-QAM data successfully passes the FEC criteria with receiving EVMs (or BERs) ranged from 1.3% (or 1.3 × 10 −5 ) to 2.1% (or 3.2 × 10 −3 ). The EVM reveals a raising trend as opposed to the SNR by raising the subcarrier frequency as well as channel number, which causes the constellation plots blurred spots of the decoded data associated with high-frequency subcarriers. With increasing the subcarrier frequency over 6 GHz, the narrow-band DMT data can only reach the FEC criteria of up to 512-QAM mapping with corresponding EVMs enlarged from 2.7% to 3.2% and BER degraded from 9.6 × 10 −4 to 9.4 × 10 −4 . This result in the maximal channel amount of 90 encodes the 512-QAM covering total bandwidth of 3 GHz (from 6 to 9 GHz). At last channel, the data mapped onto 256-QAM exhibits EVM of 3.6% and BER of 5.8 × 10 −4 . Eventually, the total raw data rate of the delivered DMT within 9-GHz bandwidth can extend up to 88 Gbit/s, as composed by 1024-QAM covering 6 GHz, 512-QAM covering 3 GHz and 256-QAM covering 125 MHz (10×6 GHz+9×3 GHz+8×0.125 GHz).
C. 28-GHz MMW WIRELESS TRANSMISSION OF CHANNELIZED DATA WITH DMT DATA
To maximize the transmission capacity and to meet the demand of channelized data rate under the 5G standard, the multi-channel DMT is also discussed to extend the applicability of the proposed system for MMWoF 5G compatible wireless transmission by the best optical carrier, as shown in Fig. 12 . The allowable channel number within 4-GHz bandwidth is 41 with the first channel started from 70 MHz. After 75-km DM-SMF and 10-m free space transmission, the frequency spectra of the received multi-channel and bitloaded M-QAM DMT data down-converted from 28-GHz MMW carrier generated by the orthogonally polarized multicolor optical source are shown in Fig. 13(a) . The peak power of the narrow-band M-QAM DMT is almost 10-dB higher than the broadband case due to the confined gain of the post-amplifier, and the CNRs of all narrow-band M-QAM DMT data exceed over 30 dB. After decoding, the selected SNR spectra of some narrow-band M-QAM DMT data with their related constellation plots are exhibited in Figs. 13(b) and 13(c) . The SNR of 27 dB for the 1 st channel can pass the 256-QAM FEC criterion with EVM of 4.5% and the BER of 3.6 × 10 −3 . In contrast, the average SNR is decreased from 27 dB to 21.6 dB when increasing the subcarrier frequency from 70 MHz to 2.57 GHz, as both the frequency responses of the slave CLD and the mixer with a 3-dB bandwidth are limited at 4.5 GHz. Therefore, the accessible QAM level which can meet the FEC criterion is 64 when subcarrier frequency is set beyond 2.57 GHz. The last 41 st channel with 64-QAM format provides average SNR of 21.2 dB with EVM of 8.7% and BER of 3.5 × 10 −3 . As a results, the whole channels give the total raw data rate of the bit-loaded M-QAM DMT data as 8 (for 256 QAM) × 2.5 GHz + 6 (for 64 QAM) × 1.6 GHz = 29.6 Gbit/s.
Typically, the output frequency spectrum of the AWG and non-ideal synthesizer would contain phase noise in frequency domain as well as timing jitter in time domain. The phase noise spectrum can be plotted as the noise power ratio defined as the noise power (to the central carrier power) in a 1-Hz bandwidth versus offset frequency, as shown in Fig. 13 .
The timing jitter σ (f ) can be obtained by integrating the single-sideband (SSB) phase noise spectrum [35] 
where f R is the repetition rate, L n (f ) is the SSB phase noise of the nth harmonic frequency component of the MMW carrier, n is the harmonic number of the SSB phase noise, and f L and f H are the lower and higher limits of integration. After integral over the whole phase noise spectrum, the relative timing jitter added to the data stream carried by each DMT subcarrier can degrade the SNR and BER performance. The relationship between SNR and jitter is given by
Finally, the BER performance can be obtained by Eq. (2). After 10-m free space transmission, the phase noise is further increased by electrical amplification and unstable because the channel response of the wireless network is time dependent. The timing jitter is increased to affect the SNR of the transmitted DMT data degradation. Comparing with the structures shown in Refs. [36] and [37] , the only difference is the injection-locked colorless laser diode with polarization control for replacing the external modulator. It is worth noting that modulating a data with an external modulator suffers from large power loss and device cost. To compromise the loss for long-reach transmission, an additional optical amplifier is usually required for power compensation. In this point of view, we propose an alternative approach with using a colorless laser diode as both the modulator and the optical amplifier. This merits our propose long-reach MMWoF network a good potential as compared to others. In the proposed link, the polarization controller can be replaced by a segment of polarization maintaining fiber (PMF) with its distance even shorter than the SMF built in the polarization controller, which preserves the fiber-based link more stable than the current setup.
IV. CONCLUSION
To enable the oscillator-free millimeter-wave over fiber link for beyond 5G wireless high-speed access network (WAN) application at next generation, the multi-color laser diode encoded with narrow-band bit-loaded M-QAM DMT is proposed for remotely optical heterodyne of 28-GHz millimeter-wave carrier synthesis. This is approached by employing the orthogonally polarized multi-color laser diode with SCM encoded narrow-band M-QAM DMT data at >1 Gbit/s/channel. After increasing the FFT size from 512 to 8192, the average SNR of the 250-MHz wide 512-QAM OFDM is optimized from 30.9 dB to 39.5 dB. Under the modulation bandwidth of 6.25 GHz, the narrow-band bit-loaded M-QAM DMT data exhibits high average SNRs (ranged between 32 dB and 44 dB) which reveals a similar trend than the full-band M-QAM OFDM modulation with an average SNR of only 29.8 dB. Note that the performance of the narrow-band data can be effectively enhanced under constant amplitude output in the time domain.
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